Introduction
Neurodegenerative diseases develop from diverse stimuli yet these pathologies are linked by the involvement of mitochondria and oxidative stress (Albers and Beal, 2000; Bains and Shaw, 1997; Coyle and Puttfarcken, 1993) . Signaling pathways involved in neurodegenerative diseases converge on mitochondria where the release of cytochrome c from the mitochondrial intermembrane space (IMS) is a pivotal event in whether a neuron has committed to death (Huttemann et al., 2011) . Over production of reactive oxygen species (ROS; oxidative stress) in mitochondria is a central feature of neurodegenerative disorders (Keating, 2008) . ROS is a normal byproduct of mitochondrial respiratory chain activity, and typically excess ROS concentration is rectified by mitochondrial antioxidants. In disease states, mitochondrial ROS overwhelm endogenous antioxidants. There is strong evidence that mitochondrial dysfunction and oxidative stress play a causal role in various neurodegenerative diseases, including Alzheimer's, Parkinson's, Huntington's, epilepsy, and brain ischemia (Coyle and Puttfarcken, 1993; Trushina and McMurray, 2007; Pereira et al., 2012; Di Carlo et al., 2012) .
The precise mechanism of release of cytochrome c in neurons has been highly researched, nonetheless, there is little consensus on the mode that leads to this paramount event. Many researchers postulate that the release of cytochrome c is a result of swelling of mitochondria, formation of pores, or the formation of channels. Here we propose that dysfunction in mitochondrial dynamics is the basis of cytochrome c release following pathological ROS increase in neurons.
Recent studies continue to expand our knowledge of the dynamic nature of mitochondrial structure (Chan et al., 2006; Grohm et al., 2010; Yoon, 2005; Shaw and Nunnari, 2002; Jensen et al., 2000) . Advances in microscopy have enabled us to image mitochondria in vivo allowing us to appreciate the temporal changes these organelles constantly undergo. We now know that mitochondria are dynamic organelles that normally exist in a steady state of fusion and fission events. Although the physiological environment regulates the balance of mitochondrial fusion and fission, pathological insults typically drive the balance of fusion or fission to either extreme. In fact, experimental manipulation of yeast and mammalian cells has led to the classification of proteins that are key regulators of mitochondrial fission or fusion. The mitochondrial fission proteins include Drp1, Fis1, MFF, whereas proteins regarded as responsible for fusion are Opa1, Mfn1 and Mfn2.
To investigate the contribution of mitochondrial dynamics in cytochrome c release following oxidative stress in neurodegenerative disease, we utilized the HT22 cell line that is susceptible to oxidative stress (Lee et al., 2007; Chen et al., 2005) . The HT22 cell line is a clone of murine HT4 cells which do not possess glutamate receptors, however, treatment with high levels of glutamate can inhibit the synthesis of intracellular glutathione (Li et al., 1997) . Typically, within cells cystine is rapidly reduced to cysteine, necessary for the formation of glutathione (GSH). However, elevated levels of extracellular glutamate compete with cystine for the plasma membrane bound glutamate-cystine antiporter. Therefore, the inhibition of cystine uptake by the constant and high exposure to glutamate gives rise to an inability to maintain intracellular GSH levels, leading to a reduced ability to protect against accumulation of ROS, oxidative injury to the cell, and ultimately, cell death (Chen et al., 2005; Li et al., 1997; Tan et al., 1998; Ha and Park, 2006) .
Here we report that glutamate treatment in HT22 cells induces an increase in mitochondrial ROS, release of the mitochondrial fusion protein Opa1 into the cytosol, with concomitant release of cytochrome c. Furthermore, following the glutamate treatment alterations in cell signaling coincide with mitochondrial fragmentation which culminates in significant cell death in HT22 cells. Finally, we report that treatment with the antioxidant tocopherol attenuates glutamate induced-ROS increase, release of mitochondrial Opa1 and cytochrome c, and prevents cell death.
Results

Glutamate exposure inhibits cell proliferation and increases cell death in HT22 cells
Glutamate exposure of HT22 cells is a well-established model of oxidative stress (Lee et al., 2007; Chen et al., 2005; Li et al., 1997; Tan et al., 1998; Fukui et al., 2009; Kimura et al., 2006) , however, this model is dependent on cell confluency and passage number. Thus to confirm that glutamate affects cell viability in our hands, the HT22 cells were plated on 96-well plates and treated with 5 mM glutamate. At 24 h, LDH and MTT levels were measured and compared to controls. Following glutamate exposure there was reduced cellular proliferation, as measured by MTT, to 19% of controls (p b 0.05; Fig. 1A ). Analogously, there was an 87% increase in LDH in the media compared to control Data shown is n = 24 in each group. Mitochondrial ROS was probed using MitoSox. Following exposure to 5 mM glutamate, there was a significant increase in mitochondrial ROS by 8 h in glutamate treated cells compared to control (p b 0.05; C). Equal amounts of HT22 cells and rat primary neurons were resolved by SDS-PAGE and probed for glutamate receptor (NMDAR1 subunit). The HT22 cells that were used in all experiments did not exhibit glutamate receptors (D). levels (p b 0.05; Fig. 1B) . Using real-time imaging of MitoSOX fluorescence we found that mitochondrial ROS generation begins 8-10 h after glutamate exposure. Initially, this is visualized as punctate perinuclear red fluorescence indicative of mitochondrial ROS generation ( Fig. 1C -" 10 h"). Red fluorescence continues to accumulate in additional cells and increases in intensity, between 10 and 15 h of glutamate exposure (Fig. 1C) . Peak cellular fluorescence corresponds with cellular condensation and membrane rupture detected with brightfield microscopy (Supplemental Fig. 1 -Glutamate video) . Based on the temporal progression of ROS generation to cell death, we chose 10 h of glutamate exposure for subsequent experiments to visualize changes in mitochondrial morphology. This allowed analysis of cells after ROS production but before cellular condensation and membrane rupture. Glutamate exposure of undifferentiated HT22 cells that do not possess ionotropic glutamate receptors results in oxidative stress (Tan et al., 1998) . Using an antibody against the NMDAR1 (Zhao et al., 2012) we confirmed that the HT22 cells did not have glutamate receptors (Fig. 1D ) and therefore were undifferentiated.
Glutamate exposure alters mitochondrial morphology
We next set out to investigate if glutamate-induced oxidative stress affected the mitochondrial morphology. Cells were treated with 5 mM glutamate for 10 h, fixed and probed with a mitochondrial marker, ATP synthase. Following imaging, cells were characterized according to their overall mitochondrial morphology using the classification described in Experimental methods section (Fig. 2) . In control cells, 83% of the cells had a mixed population of mitochondria with tubular, fragmented and thread-like phenotypes. However, following the glutamate treatment only the fragmented phenotype persists in 98% of the cells (p b 0.05). These findings suggest that glutamate induced oxidative stress promotes mitochondrial fragmentation.
Glutamate exposure results in release of Opa1 and Cytochrome c in the cytosol
The increase in fragmented mitochondria following the glutamate treatment led us to investigate proteins involved in mitochondrial dynamics. Fragmented mitochondria could result from an increase in fission or alternatively, a decrease in fusion. Therefore to investigate whether the increase in mitochondrial fragmentation was a result of increased mitochondrial fission or a defect in mitochondria fusion, we examined the key fission and fusion proteins. Drp1 is a dynamin-related GTPase that is predominantly found in the cytosol. Alterations in the cellular environment cause Drp1 to translocate to the mitochondria, oligomerize and ultimately result in the fission of mitochondria. Optic atrophy 1 (Opa1) is a mitochondrial protein that is key to mitochondrial fusion but also maintains cristae morphology of inner mitochondrial membrane. Opa1 is typically seen as a balance of short and long isoforms associated with the inner mitochondrial membrane (Chen and Chan, 2004) , but is only present in the mitochondria.
We chose to investigate the presence of Drp1, Opa1 and cytochrome c in fractionated HT22 cells exposed to glutamate. In our initial experiments, we had observed that the 5 mM glutamate treatment resulted in relatively low ROS at early time points, however, by 8 h incubation with glutamate, cells had started to increase the ROS accumulation. Moreover, by 10 h glutamate treatment there was a peak in accumulated mitochondrial ROS and cells had not yet undergone cellular condensation and membrane rupture ( Fig. 1C ; Supplemental Fig. 1 Control and glutamate video). To identify a possible role of ROS in mitochondrial dynamics, we designed our experiments to measure cell signaling proteins before and during the mitochondrial ROS burst. Cells were collected at 4 and 10 h and fractionated into cytosolic and mitochondria/heavy membrane fractions. Equal protein concentrations were resolved by SDS-PAGE and membranes were probed with antibodies directed at Opa1, cytochrome c, Drp1, GADPH, and ATP synthase.
In control and 4 h glutamate exposure samples, both cytochrome c and the long and short isoforms of Opa1 were only visible in the mitochondrial fractions. However, at 10 h glutamate exposure Opa1 and cytochrome c appear in the cytosolic fraction (Fig. 3A & B) . There was a concomitant loss of cytochrome c in the corresponding mitochondrial fraction. In the mitochondrial samples where cytochrome c release occurred, there were loss of the higher molecular weight Opa1 isoform and an increase in the lower molecular weight forms of Opa1. At the time points chosen, we did not detect any translocation or change in the levels of Drp-1 (Fig. 3D) . The release of Opa1 from mitochondria provides evidence that there is a disruption in mitochondrial fusion during oxidative stress.
To visualize the release of cytochrome c in cells, the glutamate treated cells were analyzed by immunofluorescence. In the control samples, there is a complete overlap of cytochrome c and ATP synthase indicative of co-localization of these proteins in the mitochondria. Following the Fig. 2 . Glutamate treatment increases mitochondrial fragmentation. The gross mitochondrial morphology of HT22 cells that were exposed to 5 mM glutamate for 10 h was compared to control. Cells were classified according to gross mitochondrial morphology following staining mitochondria with primary antibody directed against ATP synthase (A). Cells that contained mitochondria that were tubular and fragmented were labeled as category 1; cells that had a dominant fragmented mitochondrial phenotype were labeled as category 2. In control cells 82% of the cells had a mixed tubular and fragmented phenotype, whereas following the 5 mM glutamate treatment 98% of cells had a dominant fragmented mitochondrial phenotype (B). . Glutamate treatment results in Opa1 and cytochrome c release from the mitochondria to the cytosol. HT22 cells were exposed to 5 mM glutamate for 4 and 10 h. Cells were fractionated to isolate a cytosolic and a mitochondrial/heavy membrane fraction and equal amounts of protein were resolved by SDS-PAGE. Membranes were probed with antibody against Opa-1 and cytochrome c (A). At 10 h of glutamate treatment, there was a significant increase in Opa-1 (p b 0.05; B) and cytochrome c (p b 0.05; B) compared to controls. Immunofluorescence of HT22 cell (C) control and treated with 5 mM glutamate for 10 h, ATP synthase labeled red, cytochrome c labeled green, and DAPI labeled blue. We measured Drp1 levels in both cytosolic and mitochondrial/heavy membrane fractions of control and 5 mM glutamate exposed cells for 10 h. There was no significant change in Drp1 at a 10 hour glutamate exposure (p b 0.05; D). Fig. 4 . Tocopherol attenuates Opa1 and cytochrome c release following glutamate treatment. Mitochondrial ROS was measured overtime using MitoSox. 100 μM tocopherol prevented ROS accumulation in mitochondria following 5 mM glutamate exposure in comparison to glutamate exposed cells (p b 0.05; A). Tocopherol was also effective at preserving mitochondrial morphology as observed by immunofluorescence against ATP synthase (green; B) and maintaining the gross morphology of HT22 cells (C). HT22 cells were exposed to 5 mM glutamate alone or 5 mM glutamate with 100 μM tocopherol for 10 h. Cells were fractionated into cytosolic and mitochondrial/heavy membrane fractions. Proteins were resolved on SDS-PAGE and membranes were probed for Opa1 and cytochrome c levels. The potent antioxidant tocopherol attenuated both Opa1 and cytochrome c release into the cytosol to levels seen in controls (p b 0.05; D). glutamate treatment, there is release of cytochrome c from the mitochondria into the cytosol as visualized in the overlay with the mitochondrial specific ATP synthase signal (Fig. 3C) .
Tocopherol attenuates mitochondrial ROS generation and Opa1 and cytochrome c release following glutamate treatment
Next, we tested if the Opa1 and cytochrome c release and alterations in the mitochondrial morphology seen following the glutamate exposure in HT22 cells were attributed to ROS accumulation. We treated the HT22 cells with glutamate and the potent antioxidant tocopherol to impede the accumulation of ROS. While glutamate did induce a significant increase in ROS, as seen by MitoSOX fluorescence (p b 0.05), the antioxidant tocopherol effectively suppressed the ROS levels to those seen in the control cells ( Fig. 4A; Supplemental Fig. 1 Glutamate and tocopherol videos).
We then observed the mitochondrial morphology by immunofluorescence using the mitochondrial probe ATP synthase. In the tocopherol treated glutamate exposed cells, the mitochondrial morphology resembled that of the control cells, whereas, in glutamate-only cells the mitochondria were fragmented (Fig. 4B) . Additionally, in the tocopherol treated glutamate exposed group, the gross morphology of the cells was healthy and similar to the control cells (Fig. 4C) . Whereas in the 10 hour glutamate treated group, the cells were shrunken, rounded up, and lifting of the plate.
More importantly, we assayed if the tocopherol-induced block in ROS accumulation affected the release of Opa1 and cytochrome c following glutamate exposure. HT22 cells were exposed to glutamate alone or glutamate plus 100 μM tocopherol and all the samples were separated into cytosolic and mitochondria/heavy membrane fractions and resolved by SDS-PAGE. As previously noted, in the glutamate exposed group, there was a large increase in cytosolic Opa1 and concomitant cytochrome c release. However, in tocopherol treated glutamate cells, there was little to no release of Opa1 and cytochrome c into the cytosol similar to that seen in controls (p b 0.05; Fig. 4D ).
This data demonstrates that tocopherol is effective at inhibiting ROS and Opa1 release, preserving mitochondria and protecting cells against oxidative stress.
Glutamate exposure results in caspase-3 activation
To confirm that glutamate-induced cytochrome c release triggered apoptosis we assayed cleaved caspase-3 (Fig. 5A) . Following glutamate exposure, there was a significant proteolytic cleavage of caspase-3 in comparison to the control and tocopherol treated cells (p b 0.05). There was no statistically significant change in translocation of the 20 kDa form of Bax following glutamate exposure (Fig. 5B ) which was also observed by Fukui et al. (2009) . Additionally, there were no statistically significant differences in Bcl-2 levels in experimental groups (Fig. 5C) . Although, there were significantly higher levels of Bcl-XL in the cytosol of control and tocopherol treated samples in comparison to the glutamate treatment (p b 0.05; Fig. 5C ). This data indicates that clearly apoptosis is activated, however, the relative contribution of BCL-2 proteins in this insult remains unclear.
Discussion
It is well accepted that cytochrome c release is an indicator that the cell has committed to death. Cytochrome c is normally located in the intermembranous space, between the outer and inner mitochondrial membranes, with the majority of cytochrome c held in the cristae formed by the folding of the inner mitochondrial membrane. The cristae junctions are maintained by Opa1 proteins which are found in various isoforms, the number of isoforms varies dependent on the cell type. Opa1 isoforms are classified as being long or short isoforms and function as the structural "gatekeepers" at the cristae opening by forming oligomers. Typically, Opa1 is only present in the mitochondria as seen in our controls. We report that following glutamate-induced oxidative stress, Opa1 isoforms are released from the mitochondria into the cytosol in the HT22 cells. This release is concomitant with cytochrome c release from the mitochondria and an increase in mitochondrial fragmentation.
We have shown that the glutamate treatment in HT22 cells tips mitochondrial fragmentation to be the dominant phenotype. Fragmented mitochondria could result from an increase in fission or alternatively, a decrease in fusion. In fact, when the fusion phenotype is promoted by either inhibiting fission with the drug Mdivi that prevents Drp1 oligmerization (Grohm et al., 2012) or down regulating Drp1 with Fig. 5 . Glutamate exposure results in caspase-3 activation. HT22 cells were exposed to 5 mM glutamate alone or 5 mM glutamate with tocopherol for 10 h. Cells were fractionated into cytosolic and mitochondrial/heavy membrane fractions. Proteins were resolved on SDS-PAGE and membranes were probed for cleaved caspase-3, bax, bcl-xl and bcl-2. In cells exposed to glutamate there was a significant increase in the 17 kDa proteolytic cleaved caspase-3 (p b 0.05; A) that was absent in controls and tocopherol treated cells. Bax and Bcl-2 levels did not change when compared to controls (p b 0.05; B & C), however, there was a significant decrease in Bcl-XL in glutamate samples compared to control (p b 0.05; C).
siRNA (Zhang et al., 2014a) , the cells survive. In these studies, it was believed that increased mitochondrial fission was the source of cell death and attenuating fission would promote survival, the caveat being that attenuating fission inadvertently promotes fusion. At the time points chosen here, we did not observe any translocation or change in the expression of Drp-1, however, Drp-1 translocation is a transient event which we may have overlooked at the time points we observed. Based on our results, we attribute the increase in mitochondrial fragmentation and cell death to a breakdown in mitochondrial fusion process. Although the precise manner in which mitochondria fuse is not well-defined, it is clear that the presence of Opa1 in cytosol is only found in pathological situations (Arnoult et al., 2005; Ju et al., 2008; Ranieri et al., 2013) . Following the glutamate treatment the release of Opa1 from the mitochondria has a two-fold effect: 1) it leads to a disruption in mitochondrial fusion inadvertently promoting fission; and 2) results in cytochrome c release from the mitochondrial cristae. Notably, the disassembly of Opa1 complexes would hinder the mitochondrial fusion process which ultimately results in an increased fission/ fragmentation phenotype (Ju et al., 2008; McBride and Soubannier, 2010) . This disruption of the cristae structure by altering Opa1 complexes in the inner mitochondrial membrane permits the release of cytochrome c in the IMS and into the cytosol (Yamaguchi et al., 2008) .
Mitochondria are sensitive to cellular requirements in physiologic and stressful situations, responding by promoting fusion or fission. Mitochondrial fusion is essential for normal mitochondrial function, and thus a breakdown in proteins that promote fusion following oxidative stress is clearly damaging to the cell. The release of Opa1 isoforms from the mitochondria is triggered by either proteolytic cleavage or ROS-induced peroxidation of cardiolipin (Huttemann et al., 2011; McBride and Soubannier, 2010; Zhang et al., 2014b; Ban et al., 2010; DeVay et al., 2009; Kagan et al., 2005; Jiang et al., 2008; Haines, 2009 ). Here we demonstrate that the potent antioxidant tocopherol was effective at attenuating mitochondrial ROS and, moreover, tocopherol prevented the release of Opa1 and cytochrome c into the cytosol and maintained the cellular and mitochondrial morphology following oxidative stress, suggesting that ROS plays a major role in Opa1 release. As expected, the release of cytochrome c into the cytosol corresponds to an increase in activated (cleaved) caspase-3 in the cytosol and this was prevented by tocopherol. Contrary to a canonical role of apoptosis in this process, Bcl-2 proteins commonly shown to control to cytochrome c release (Bax, Bcl-2, and Bcl-XL) did not change in the expression or sub-cellular localization in response to glutamate or tochoperol at the time points we examined. While this is not an exhaustive evaluation of the role of Bcl-2 proteins in this process, our data suggests mechanisms outside of the traditional bax/bcl-2 regulated apoptotic program are regulating this process. Further investigations are needed to identify the exact cause of Opa1 release following oxidative stress to enhance our understanding of cell death and more importantly, identify potential therapies for the neurodegenerative diseases affected by oxidative stress.
Experimental methods
Cell culture
The HT22 cells were a generous gift from Dr. David Schubert (The Salk Institute, La Jolla, CA). The HT22 cells were fed with Dulbecco's Modified Eagle Medium (DMEM #11995; Invitrogen/Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS #F4135; Sigma-Aldrich, St. Louis, MO), and cultured at 50-55% relative humidity, in 10% CO 2 at 37°C (as recommended by Dr. Schubert). The cells were maintained at ≤ 50% confluency, as previously described (Tan et al., 1998) . It is important to note that sensitivity to glutamate cytotoxicity varies in the HT22 neurons depending on their density and passage number. Therefore, the experiments were always performed at a constant cell number in the early passages of the cells. The HT22 cells were plated 12 h before the experiment, and at the beginning of the experiment the entire media was changed in all groups to DMEM + 10% FBS (control); 5 mM glutamate in DMEM + 10% FBS (glutamate); and 5 mM glutamate + 100 μM tocopherol in DMEM + 10% FBS (tocopherol treated). L-Glutamic acid (#G8415), and (±)-α-Tocopherol (#T3251) were obtained from Sigma-Aldrich (St. Louis, MO).
Cytotoxicity and viability assays
The cytotoxicity of the HT22 cells following the glutamate treatment was assessed using the LDH assay. The LDH leakage assay is based on the measurement of lactate dehydrogenase activity in the extracellular medium. The loss of intracellular LDH and its release into the culture medium are indicators of irreversible cell death due to cell membrane damage. The HT22 cells were seeded in 96-well plates at a density of 5000 cells per well. The LDH assay was performed per manufacturer's instructions (#88953; Pierce, Rockford, IL, USA).
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) is a water soluble tetrazolium salt, which is converted to an insoluble purple formazan by cleavage of the tetrazolium ring by succinate dehydrogenase within the mitochondria. The formazan product is impermeable to the cell membranes and therefore it accumulates in healthy cells. Again, the HT22 cells were seeded in 96-well plates at a density of 5000 cells per well. The MTT assay was according to manufacturer's instructions (#KA1334; Abnova, Taiwan).
Fractionation of cells and Western blotting
Crude mitochondria were isolated using the modified method of Fukui et al. (2009) . At the appropriate time, cells were washed with PBS and collected in ice-cold isolation buffer (10 mM HEPES [pH 7.5]; 1 mM EDTA; 1 mM EGTA; 10 mM KCl; 210 mM mannitol; 70 mM sucrose; 2× HALT protease inhibitor [#87785; Pierce, Rockford, IL, USA]; 1 × phosphatase inhibitor [#7840; Pierce, Rockford, IL, USA]). Cells were permeabilized with 0.05% digitonin (#300410; Calbiochem/ Millipore, Billerica, MA, USA) for exactly 5 min on ice. Cell suspensions were centrifuged at 10,000 ×g at 4°C for 5 min to separate the supernatant and pellet fractions. The supernatant was collected as cytosol. The pellet was solubilized in isolation buffer, sonicated, and labeled as crude mitochondrial/heavy membrane fraction. Protein concentration was determined using the Coomassie protein assay (#1856209; Thermo Scientific, Rockford, IL, USA) according to the manufacturer's instructions.
Equal amounts of each protein sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8-12% polyacrylamide), transferred to nitrocellulose membranes and analyzed for Opa1 (1:1000; #612607; BD Biosciences, San Jose, CA) and cytochrome c (1:1000; 556433; BD Biosciences, San Jose, CA), GADPH (1:2000; #G8795; Sigma, St. Louis, MO), and ATP Synthase (1:1000; #ab14730; Abcam, Cambridge, MA) by Western blotting using the enhanced chemiluminescence technique (#32132; Pierce, Rockford, IL, USA). In the figures, each lane represents one experiment. The data were represented as means ± SD from three experiments. Relative band densities were determined by densitometry and groups were compared using a one-way ANOVA followed by a Tukey's HSD test for post-hoc analysis to statistically evaluate differences between groups.
Immunofluorescence
For the detection of the mitochondrial morphology changes and alterations in mitochondrial proteins following the glutamate treatment, the HT22 cells plated on coverslips were exposed to 5 mM glutamate for 10 h and fixed with 4% paraformaldehyde for 15 min at room temperature.
To evaluate the changes in gross mitochondrial morphology, coverslips were incubated in a permeabilization/blocker solution (5% horse serum [#26050; Gibco] in 0.3% Triton-X100/PBS) for 1 h, and then incubated in primary antibody solution against the mitochondrial protein ATP synthase (1:1000; #ab14730; Abcam, Cambridge, MA) overnight at 4°C. The next day, coverslips were exposed to a 2 hour incubation with Alexa Fluor 488 labeled secondary antibody (1:200; #A11017; Invitrogen, Grand Island, NY) and the coverslips were mounted with Vectorshield mounting media containing DAPI that counterstained the nuclei (#H-1200; Vector Laboratories, Burlingame, CA).
Immunofluorescence was utilized to visualize the release of cytochrome c from the mitochondria. Glutamate treated and untreated paraformaldehyde fixed coverslips were incubated in primary antibodies against cytochrome c (1:100; #ab110325; Abcam, Cambridge, MA), and ATP synthase (1:1000; #ab14730; Abcam, Cambridge, MA) followed by Alexa Fluor 488 (1:200; #A11017; Invitrogen, Grand Island, NY) and 546 (1:200; #A11003 Invitrogen, Grand Island, NY); secondary antibodies, respectively. Imaging of the mitochondrial morphology was performed using an AxioObserver inverted fluorescence microscope, equipped with an AxioCam MRm camera (Carl Zeiss Microscopy, Jena, Germany).
Counting of two different types of mitochondrial morphology states was performed for quantification in at least three independent experiments with 100 cells per condition in n = 4 coverslips by three independent investigators blinded towards the treatment of the cells. The two categories of cells were characterized by their contrasting the mitochondrial morphology states and were defined as follows: category 1 was healthy cells displaying mitochondria in an elongated tubular network with some smaller mitochondria; these mitochondria are equally distributed throughout the cytosol. Category 2 was injured and dying cells contain smaller round mitochondria located close to the nucleus. For statistical analysis, the experiments were repeated at least three times.
Detection of mitochondrial ROS
The HT22 cells were plated on the coverslip bottom culture dishes 24 h prior to experimentation to provide~40% confluence at the time of experimentation. The cells were incubated with 2 μM MitoSOX (Invitrogen, Grand Island, NY) in HBSS for 10 min then gently washed with DMEM and placed in a stage top incubator (PeCON; Germany). The cells equilibrated for 3 h on the microscope stage prior to experimentation. Real-time imaging of the cells during 5 mM glutamate exposure was carried out on a Zeiss AxioObserver inverted microscope. A z-stack of images was obtained every 10 min for the duration of the glutamate exposure + or − tocopherol. The images were obtained from MitoSOX fluorescence and brightfield; maximum intensity projections of all z-planes were integrated to analyze temporal changes in fluorescence intensity. All intensity measurements are the mean intensity of the entire field of view normalized to 1 h (6 images) of baseline fluorescence to allow normalization to small differences in cell density between experiments.
Statistics
All the data and experiments described in the present study were repeated multiple times, and only one set of the representative data is shown. Standard deviation (SD) was used to reflect the variation of the replicate determinations. Data were fit by linear regression and groups are compared using a one-way ANOVA of regression lines followed by a Tukey's HSD test for post-hoc analysis to statistically evaluate differences between groups (GraphPad Prism, La Jolla, CA).
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mcn.2014.12.007.
